Pulvomycin and the synonymous antibiotics labilomycin and 1063-Z are shown to inhibit prokaryotic protein synthesis by acting on elongation factor Tu (EF-Tu): in the presence of the antibiotic, the affinity of EF-Tu for guanine nucleotides is altered, the EF-TuGDP/GTP exchange is catalyzed, and the formation of the EF-TuGTP complex is stimulated. Hydrolysis of GTP by EF-Tu, induced by aminoacyltRNA, ribosomes, and mRNA or by kirromycin, is inhibited by pulvomycin. As shown by Millipore filtration, chromatographic analysis, and hydrolysis protection experiments, pulvomycin prevents interaction between aminoacyl-tRNA and EF-Tu GTP to yield the ternary complex aminoacyl-tRNA'EF-Tu'GTP.
Virtually all antibiotics reported to interfere with peptide elongation inhibit reactions of the elongation cycle that depend on ribosomes. This is true even of antibiotics whose target is not the ribosome but rather the elongation factors. For the latter type, two examples are known: (i) the interaction of fusidic acid with elongation factor G (EF-G) leads to a breakdown of peptide translocation (1); (ii) kirromycin inhibits protein synthesis by virtue of its interaction with elongation factor Tu (EF-Tu) (2) (3) (4) .
An example of an antibiotic acting upon an elongation factor without interfering with ribosome-dependent reactions is described in this publication. While working with 1063-Z (unpublished data), an antibiotic that is identical to the well-known substance pulvomycin (5) and synonymous with labilomycin (6, 7) , we found pulvomycin to be a novel inhibitor of prokaryotic protein biosynthesis. It is shown here that, like kirromycin, pulvomycin interferes with EF-Tu partial reactions. In its presence, the affinity of EF-Tu for GTP is enhanced and the GTPase reaction is affected. Unlike kirromycin, pulvomycin blocks peptide elongation prior to the ribosome-requiring reactions by impairing ternary complex formation. In this way, enzymatic binding of aminoacyl-tRNA to ribosomes is inhibited (for review on EF-Tu, see ref. 8 ).
MATERIALS AND METHODS
EF-Tu, elongation factor T (EF-T), EF-G, and NH4Cl-washed ribosomes were isolated from Escherichia coli D-22 (9, 10) .
Kirromycin-resistant EF-Tu for experiments shown in Fig. 1 was isolated from E. coli D-2216 as described (9, 10) . The elongation factor-containing fractions were >90% pure as judged by sodium dodecyl sulfate gel electrophoresis. One microgram of EF-Tu, EF-T, or EF-G was taken to correspond to 24, 15, (13) . On storage in methanolic solution at -200C in the dark, both antibiotics were stable for at least several months. The solubility of pulvomycin at 30°C was found to be 0.12 mM in standard buffer (60 mM Tris-HCl, pH 7.6/30mM KCI/30 mM NH4Cl/10 mM MgCl2/2 mM dithioerythritol) containing 2% methanol. Protein was estimated by the method of Lowry et al. (14) with bovine serum albumin as a standard. Analyses of EF-T by gel electrophoresis and GDP/GTP exchange experiments were performed as described (9) .
RESULTS
Detection of the Pulvomycin Target. Pulvomycin is an inhibitor of prokaryotic protein biosynthesis and interferes with peptide chain elongation. Fig. 1 shows that the poly(U)-directed poly(Phe) synthesis in a cell-free system of E. coli is sensitive to the antibiotic; 50% inhibition of the polypeptide synthesis is obtained at 1 ,uM pulvomycin.
To locate the site of pulvomycin action, the EF-Tu-catalyzed binding of aminoacyl-tRNA to ribosomes was identified as the reaction of the elongation cycle susceptible to pulvomycin. The antibiotic did not affect nonenzymatic binding of Phe-tRNAPhe to the ribosome-poly(U) complex, whereas efficient EF-Tumediated binding was suppressed to the level of nonenzymatic binding (Fig. 2 The effect of pulvomycin on other partial reactions of the elongation cycle was examined. At concentrations up to 0.12 mM, pulvomycin did not interfere with the formation of AcPhe-puromycin generated through the peptidyl transferase. Similarly, two parameters for translocation activity were found to be unaffected by the antibiotic: augmentation of the AcPhe-puromycin synthesis in the presence of EF-G plus GTP, and the EF-G-dependent GTPase activity.
Change of EF-Tu Affinity for Guanine Nucleotides. The effect of the antibiotic on the interactions of EF-Tu with its various ligands was examined.
The replacement of GDP by GTP in the EF-Tu-GDP complex is catalyzed by elongation factor Ts (EF-Ts) and may be considered to be the starting reaction of any new round in peptide elongation. Upon exposure of EF-T to pulvomycin, stimulation of the formation of the EF-Tu-GTP complex was achieved. At 3 ,M pulvomycin, more than half of the EF-T present was converted to EF-Tu.GTP (Fig. 3 ), even at low GTP concentration (molar ratio of GTP to EF-T, 3:1). Under this condition little conversion occurred in the absence of the antibiotic.
The effect of pulvomycin on the affinity of EF-Tu for GTP is more pronounced than with kirromycin and does not depend on the presence of EF-Ts. The stimulation of GTP binding to EF-Tu can also be shown with crystalline EF-Tu-GDP. At 13 MM, pulvomycin promoted a rapid exchange of free [-y-2P]GTP with GDP prebound to EF-Tu, even at 00C (data not shown).
Although pulvomycin stimulates the formation of EF-Tu-GTP (with EF-Tu derived from either EF-T or EF-Tu-GDP), its activity differs from that of kirromycin (2, 9) (16) . Therefore this filtration technique has been used to assay the effect of pulvomycin on the formation of the ternary complex. As shown in Fig. 3 The same effect-of pulvomycin on EF-Tu affinity for PhetRNAPhe was also found when the formation of the ternary complex was measured by gel filtration (17) . Chromatographic analysis of the reaction mixture containing 16,gM pulvomycin revealed no detectable formation of Phe-tRNAPhe EF-Tu-GTP eluting at a Ve/Vo of 1.4 (Fig. 4) . In the presence of the antibiotic, uncomplexed Phe-tRNAPhe (partially deacylated during the gel filtration process) eluted from the Sephadex G-100 column in the same way as in the absence of EF-Tu-GTP at a Ve/Vo of 1.7. When EF-Tu-GTP was treated with kirromycin, it was found that kirromycin caused a significant increase in the Phe-tRNAPhe-EF-Tu-GTP peak. However, upon omission of GTP from the elution buffer, a decrease of the ternary complex was observed also with this antibiotic.
When aminoacyl-tRNA is complexed with EF-Tu, the ester linkage between the amino acid and the -C-C-A 3' terminus of tRNA in aminoacyl-tRNA is protected from nonenzymatic hydrolysis (18) . Therefore, the effect of pulvomycin on the ternary complex formation was also examined by hydrolysis protection experiments (19) . Addition of pulvomycin completely abolished the protective effect of EF-Tu-GTP on the nonenzymatic hydrolysis of Phe-tRNAPhe (Fig. 5) . By contrast, the effect of kirromycin is to render the ester bond in PhetRNAPhe-EF-Tu-GTP more accessible to hydrolysis (4 of EF-Tu-GDP from the ribosome (20) . Induction of this EFTu-mediated GTPase reaction in vitro depends on the interaction of EF-Tu with the physiological effectors aminoacyltRNA, ribosomes, and mRNA, each of which considerably stimulates GTP hydrolysis (21) . In the preceding section, pulvomycin was shown to disturb the association of aminoacyltRNA and EF-Tu-GTP. Consequently one might expect that this antibiotic would also interfere with the EF-Tu GTPase reaction. The results presented in Table 1 support this idea. The induction of EF-Tu GTPase activity by the addition of each effector was inhibited in the presence of pulvomycin.
Kirromycin affects the allosteric control of EF-Tu and induces the GTPase reaction with EF-Tu alone (2, 9). As shown in Table 1 , pulvomycin acts in analogous fashion, although this antibiotic is much weaker in triggering GTP hydrolysis than is kirromycin. Furthermore, pulvomycin activation of EF-Tu GTPase appears to be based on a different mechanism: upon addition of Phe-tRNAPhe, pulvomycin-induced activity was inhibited, whereas the kirromycin-induced reaction was stimulated (2, 9).
Pulvomycin not only interferes with the GTPase reaction induced by the physiological effectors but also, in the presence of both antibiotics, even the marked stimulation of EF-Tu GTPase by kirromycin (2, 9, 23) is affected (Table 1) . Preliminary results indicate that pulvomycin competitively inhibits the kirromycin-induced activity.
Structural Relationship between Pulvomycin and Kirromycin. The mutual exclusion of pulvomycin and kirromycin in the GTPase reaction suggests a competition for a single binding site on EF-Tu due to their structural similarity. Indeed, pulvomycin resembles the 5' substituent of the central tetrahydrofuran of kirromycin (Fig. 6 ).
Such structural homology and the availability of a kirromycin-resistant EF-Tu (10) 60 pmolof Phe-tRNAPhe, 20 pmol of ribosomes, 3 gg of poly(U), and 1.3 nmol of pulvomycin or 1.3 nmol of kirromycin or both was incubated for 10 min at 30°C and then assayed for GTP hydrolysis (22) . * In kinetic studies, a constant rate of pulvomycin-induced hydrolysis of 1 pmol/10 min was found to be linear over 2 hr.
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Proc. Nati. Acad. Sci. USA 75 (1978) EF-Tu for GTP is enhanced and the EF-Tu-GDP/GTP exchange is catalyzed. Despite this underlying similarity, differences are found in the influence of the drugs on other partial reactions of EF-Tu. The GTPase reaction of EF-Tu is stimulated by aminoacyl-tRNA, ribosomes, and mRNA; pulvomycin acts to prevent the reaction. Even the artificial stimulation of EF-Tu GTPase activity by kirromycin (2, 9) is decreased by pulvotnycin. In contrast, kirromycin is a potent stimulus of EF-Tu GTPase reactions, both with EF-Tu alone and through induction by its physiological effectors (9, 23) .
The most striking contrast between the mode of action of the two antibiotics is their different influences on ternary complex formation between EF-Tu-GTP and aminoacyl-tRNA. Although both antibiotics stimulate the formation of EF-Tu.GTP, formation of the ternary complex is influenced in opposite ways. In the presence of kirromycin, EF-Tu-GTP is active in aminoacyl-tRNA binding, and ternary complex formation is stimulated by excess GTP. Pulvomycin inhibits interaction of EF-Tu'GTP and aminoacyl-tRNA. Because cooperative binding of aminoacyl-tRNA is important for the induction of the EFTTu GTPase reaction, a direct block of the aminoacyltRNA binding site of pulvomycin could explain both inhibition of GTPase reaction and inhibition of the ternary complex formation.
Alternatively, pulvomycin and kirromycin may induce different configurations of the EF-Tu-GTP complexes. Kirromnycin could invoke a conformational change in EF-Tu similar to that of EF-Tu-GTP and regardless of GDP or GTP being bound to the elongation factor. This would explain splitting of EF-Tu-EF-Ts (9), formation of a nonfunctional ternary complex aminoacyl-tRNAiEF-Tu.GDP (9) , and failure of EF-Tu-GDP to dissociate from the ribosome in the presence of kirromycin (2, 23) . Prevention of EF-Tu-GTP binding to aminoacyl-tRNA, stabilization of EF-Tu-EF-Ts, and inhibition of the GTPase activity leads to the idea that pulvomycin, on the other hand, may induce the binary complex EF-Tu-GDP configuration. This notion suggests that pulvomycin and kirromycin bind to a common site on EF-Tu; such a site may be important for allosteric control of EF-Tu as a function of phosphorylation of the bound guanine nucleotide.
In conclusion, our data show that pulvomycin prevents binding of aminoacyl-tRNA to-EF-Tu-GTP; and tentatively suggest that protein synthesis might be inhibited by substrate limitation.
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